Abstract: Micro-sized fuel cells represent one of the pollution-free devices available to power portable electronics. However, the insufficient power output limits the possibility of micro-sized fuel cells competing with other power sources, including supercapacitors and lithium batteries. In this study, a novel aluminum-hydrogen peroxide fuel cell is fabricated using uniform silver nanowires with diameters of 0.25 µm as the catalyst at the cathode side. The Ag nanowire solution is prepared via a polyol method, and mixed uniformly with Nafion and ethanol to enhance the adhesion of Ag nanowires. We carry out electrochemical tests, including cyclic voltammetry, electrochemical impedance spectroscopy, and Tafel polarization, to characterize the performance of this catalyst in H 2 O 2 reduction. The Ag nanowires exhibit a high effectiveness and durability while catalyzing the reduction of H 2 O 2 with a low impedance. The micro-sized Al-H 2 O 2 fuel cell equipped with Ag nanowires delivers a power density of 43 W·m −2 under a low concentration of H 2 O 2 (0.1 M), which is substantially higher than the previously reported devices.
Introduction
The micro power sources based on aluminum-hydrogen peroxide fuel cells (Al-H 2 O 2 FCs) have drawn increased attention due to their high theoretical open-circuit potential, high power density, and good durability [1] [2] [3] . The direct conversion of chemical energy stored in the fuels into electricity, and the H 2 O 2 reactant, make Al-H 2 O 2 FCs particularly suitable for submarine applications, where oxygen is hardly available [4] [5] [6] . Furthermore, the Al-H 2 O 2 FCs possess other advantages, including environmental friendliness, low costs, and safety [7, 8] . These characteristics highlight the great potential of Al-H 2 O 2 FCs toward commercialization. The theoretical half-cell and overall chemical reactions pertaining to the Al-H 2 O 2 FCs are as follows [9] However, the practical energy density of Al-H2O2 FCs was still insufficient for powering practical micro-sized devices, due to their limited H2O2 catalytic area, poor activity of H2O2 catalyzation, self-decomposition reactions of hydrogen peroxide, as well as aluminum corrosion [9] . Among the above limitations, the cathode performance related to the H2O2 catalyzation plays a vital role in determining the overall fuel cell performance [10] [11] [12] . Extensive studies have been carried out in exploring suitable cathode catalysts and architectures for catalyzing H2O2 reduction reactions. Patrissi et al. employed a textile flocking technique to fabricate a microfiber carbon electrode coated by a layer of alloy of Pd and Ir as the cathode [13] . Yang et al. synthesized nano-island-shaped silver particles [2] . The cathode material was achieved by electrodepositing the metallic Ag catalyst on a Ni-foam substrate. Even though Al-H2O2 fuel cells equipped with these cathodes exhibited high power densities, the techniques and materials demonstrated in these works were typically expensive and time-consuming.
Here, silver nanowires (Ag NWs) were synthesized and utilized for the first time as the hydrogen peroxide reduction reaction catalyst. The morphology and structure of the Ag NWs coated on carbon paper (denoted as Ag NW//CC hereafter) were characterized using scanning electron microscope (SEM) and energy dispersive X-ray spectroscopy (EDS). Electrochemical testing methods, including cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS), and Tafel polarization curve, were carried out to investigate its catalytic activity and stability. Finally, we designed and fabricated a microfluidic Al-H2O2 FC, and characterized its power-generation performance.
Results and Discussions

Characterization of Electrode Surface
The morphologies of Ag NW//CC were firstly characterized by SEM. As shown in Figure 1a , it could be seen that the carbon paper (CC) was made of carbon fibers with diameters of approximately 10 µm. Upon coating with Ag NW, the surface of CC was homogeneously covered with multilayered Ag NWs (Figure 1b) . The diameter and the length of the Ag NWs were approximately 0.25 µm and 40 µm, respectively. The Ag NWs coated on CC could increase the specific catalytic surface area, as well as enhance the mass transport kinetics [2] . To determine the catalytic performance of the Ag NW//CC electrode, the CV measurements of Ag NW//CC and CC electrodes were conducted in identical H 2 O 2 electrolyte. The areas of both CC and Ag NW//CC were 1 cm × 1 cm, and the weight of Ag NW//CC and CC were 0.007 g and 0.012 g, respectively, indicating the mass loading of the silver nanowires was 5 mg·cm −2 . As shown in Figure 2 , the waveforms were consistent with the previous studies reported by Honda et al. [14, 15] . The oxidation peak and the reduction peak are of a similar area size, which can be ascribed to the following redox reaction:
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Tafel Polarization of the Ag NW//CC Electrode
The reaction kinetics of the samples were further studied using the Tafel polarization curves ( Figure 4 ). The fluctuation of the CC curve is because of the decomposition of hydrogen peroxide that evolves gas bubbles [16] [17] [18] [19] . In the Tafel plot, the value of exchange current density (j0) can be obtained from Tafel equation (Equation (6)) according to the intercept of y-axis:
where j is the measured current density, j0 is exchange current density, β is electron transfer coefficient for reductive reaction, n is number of electrons transferred, F is Faraday's constant, R is gas constant, T is temperature, and η is overpotential. Exchange current is the current density of working electrode when overpotential is zero. It relates to the electrochemical activity of the electrode at equilibrium state. j0 was calculated according to the Tafel equation (Equation (6)) using the data in the linear region. As shown in the figure, the j0 of the Ag NW//CC electrode is considerably boosted compared to the value of the pristine CC electrode. The enhanced current density can be attributed to the effective catalytic activity because of the presence of silver catalysts. 
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Characterization of Electrode Resistance
To determine the impedance of the electrode, EIS electrochemical tests were carried out from 100 kHz to 0.1 Hz. As shown in Figure 5 , the semicircles in the two cases in the high frequency region were related to the charge transfer process [20] . The value of the diameters of the semicircles on the real axis are usually used to estimate the value of charge transfer resistance (R ct ) [20] . Based on the calculation, R ct of the electrode was tremendously decreased by more than 10 times after growing Ag NWs on the CC electrode. With respect to the curve in the low frequency region, it could be attributed to the Warburg impedance (R Ω ). The value of R Ω was typically related to the resistance of ion diffusion in the electrode materials as well as the mass transfer in electrolyte [21] . It can be estimated according to the value of last point in the Nyquist curve [21] . As indicated in Figure 5 , the mass transfer resistance of the Ag NW//CC electrode was much lower than the pristine CC electrode. The EIS result is in good agreement with the CV results, indicating our Ag NW//CC electrode has a superior catalytic behavior.
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Cell Performance Test of the Micro-Sized Al-H2O2 FC
Microfluidic Al-H2O2 FC was fabricated using Al as anode and Ag NW//CC as cathode, and its overall performance was tested at room temperature serving the 0.1 M H2O2, 1 M NaOH and 20 g·L −1 as electrolyte. As Figure 6 shows, the microfluidic Al-H2O2 FC delivered an open circuit potential (OCP) of 1.55 V, which was lower than the theoretical voltage (3.18 V). This may be due to the contact resistance occurred at the electrode/substrate interface, and the mixed potential at the interface resulting from the direct oxidation of H2O2 to H2O and O2 [22] . The device delivered a maximum power density of 43 W·m −2 at a voltage of 0.7 V. The cell performance was substantially higher than those of other Al-H2O2 FCs employing other materials as cathode, and comparable to other state-ofart microfluidic fuel cells (Table 1) . Significantly, the cell performance was realized by utilizing the low concentration of reactant (0.1 M), and worked at the room temperature (20 °C). 
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All chemicals were reagent grade quality and obtained from the supplier without further purification. All solutions were prepared using deionized (DI) water. 
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Synthesis and Purification of Ag NW Solution
Ag NWs were prepared through a modified polyol process [29, 30] . Briefly, 100 mL ethylene glycol (EG) containing 0.19 M polyvinylpyrrolidone (PVP, molecular weight = 50 kDa), 0.05 mM NaCl, 0.0014 mM AgNO 3 and 0.017 mM CuCl 2 was added to a round-bottom flask. The flask was preheated at 185 • C in an oil bath for 1 h, while 30 mL EG solution containing 0.12 M AgNO 3 was prepared. The EG solution was sonicated and then added drop-wise into the flask, following the 1 h pre-heating treatment. The injection rate was precisely controlled to 0.5 mL·min −1 , and vigorously stirred while injecting. After injection, the whole flask was heated for 20 min before being removed from the oil bath, and then cooled down to room temperature.
Silver nanoparticles were observed as impurities during the polyol synthesis process of Ag NWs [31] . To purify the Ag NWs, the as-prepared solution was first diluted by deionized water to~500 mL, then left still for 24 h to let NWs settle to the bottom. The supernatant was then carefully removed by a syringe, and deionized water was refilled to the original volume. The mixture was left still again for another sedimentation. When removing supernatant for the second time, we mixed the remaining solution with acetone at a ratio of 1:4, and vortexed the mixture thoroughly. Next, the mixture was centrifuged at the speed of 2000 rpm for 10 min, and the supernatant was decanted carefully and then a small amount of DI water was added. Acetone was added again, and the centrifuging process repeated. The whole purification procedure was repeated for 3-4 times until the silver particles were removed [32, 33] .
Electrode Synthesis
The Ag NW//CC electrode was fabricated by a homemade method. Specifically, the as-made Ag NW solution, Nafion solution, and ethanol were mixed at the ratio of 9:4:1, and subject to ultrasonic treatment to make the mixture uniform. The mixture was sprayed onto the CC electrode, and then the synthesized Ag NW//CC electrode was left to dry in air for 2 h to obtain the Ag NW//CC electrode.
Analysis of Electrode
The surface morphology of CC and Ag NW//CC were characterized by employing VEGA 3 LMU scanning electron microscope. The CV measurements, Tafel polarization, and EIS tests were carried out by employing an electrochemical workstation (CHI 660E, CH Instruments, Inc. Shanghai, China) in a homemade three-electrode electrochemical cell consisting of an Ag NW//CC electrode (geometric area 1 cm × 1 cm) as the working electrode, a platinum wire as a counter electrode, and an Ag/AgCl (in saturated KCl solution) electrode as the reference electrode [34] .
The electrolyte was composed of 0.1 M H 2 O 2 , 1.0 M NaOH, and 20 g·L −1 NaCl solution. The low concentration of H 2 O 2 and NaOH was chosen according to previous research to reduce the self-decomposition reaction of H 2 O 2 to ensure the safety of the operation [14] . CV measurements were carried out from −0.25 V to 0.35 V at a rate of 10 mV·s −1 at 20 • C. EIS tests were carried out from 10 kHz to 0.1 Hz.
Fuel Cell Set-Up
The schematic of micro-sized Al-H 2 O 2 FC was illustrated in Figure 7 . The Al plate with the size of 30 mm × 20 mm × 0.3 mm served both as the electrode and baseplate. A chamber of 10 mm × 10 mm × 5 mm was grooved on the base of poly (methylmethacrylate) (PMMA) by employing a numerically controlled machine, and plated on the surface of Al plate. The inlet and outlet were drilled on the top of chamber with a diameter of 1.0 mm, and then the Ag NW//CC cathode, together with a copper plate, was mounted on the PMMA. The copper plate was employed as a current collector of Ag NW//CC cathode. The whole system was compacted tightly by a parallel-jaw vice and two PMMA plates. The electrolyte was pumped into the fuel cell system at the flow rate of 0.5 mL·min −1 .
